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Introduction
The importance of providing an accurate, precise and rapid blood gas analysis has been recognized by physicians in clinical disciplines, such as pulmonology, cardiology, thoracic surgery, intensive care, resuscitation and anaesthesiology. The pH, pC0 2 and p0 2 determination of blood often gives essential information for the diagnosis and care of patients whose life is at risk.
Initially the measurements of pH, pC0 2 and p0 2 were made separately and the whole procedure was laborious. The increase in the number of demands for blood gas analysis from the clinic has, however, stimulated several manufacturers to develop more sophisticated, fast and automatic blood gas systems, designed for simultaneous measurement of pH, pC0 2 and p0 2 .
Sources of error associated with pH and blood gas measurement are well described (1) (2) (3) (4) (5) (6) (7) (8) and reviewed (9) (10) (11) . If the sources of error are not carefully under control, the risk of an analytical bias is great as demonstrated by Miller & Tutt (12) who compared blood gas instruments of four manufacturers. Hill & Tilsley (13) found systematic deviations from the stated values using tonometered blood samples. Similar observations were made by others (14) (15) (16) .
We were stimulated by these facts to compare and evaluate the operation of the electrode systems of three modern blood gas analysers, namely the IL (Instrumentation Laboratories Inc., Lexington, Mass., U.S.A.) Model-413, the ABL Radiometer, Copenhagen, Denmark) Model-1, and the AVL (AVL AG, Schaffhausen, Switzerland) Model-937C. The response, accuracy and precision of the electrode systems were tested with both tonometered blood (17) and buffer solution AIII 2 ) (18) . The latter may be applied for quality control (19) . For reference pH measurements, the BMS2 (Radiometer, Copenhagen, Denmark) Model Mk2 was used.
Materials and Methods
Apparatus Table 1 shows important features and specifications of the different instruments as given by the manufacturers. 2 ) See material and methods.
Design
The cells for pH measurement consist of a glass electrode and a reference electrode which is connected with the sample by an open salt bridge in the ABL and by a salt bridge with a permeable membrane in the IL and AVL; the KC1 concentration in the bridges is different.
The principle of the pCO 2 electrode is based on pH measurement in a bicarbonate layer which is embedded in a nylon matrix in ABL and IL, and in a piece of cellophane in the AVL. The layer is separated from the sample by a teflon membrane in the ABL and AVL and by an Ilastic membrane, which is more permeable to carbon dioxide, in the IL. The electrode sensitivity (S = -dpH/dlog pCO 2 ) of IL and ABL is approximately 0.95, and of AVL below 0.90 as a result of the buffering effect of the cellophane.
The p0 2 electrode is a polagraphic cell consisting of a platinum cathode and a suver/silver chloride anode, immersed in an electrolyte solution and covered with a membrane of propylene in the IL and ABL and of teflon in the AVL. The cathode of the AVL electrode consists of more threads of platinum.
Procedure
The operations of calibration, sampling, reading and rinsing are different on the three instruments and are described in more detail below.
IL-413
A complete calibration for pH, pC0 2 and pO 2 electrodes can be done by alternate selection of two push buttons: cal 1 and cal 2.
Calibration 1 is done with phosphate buffer pH = 7.384 and a gas mixture (low gas) composed of carbon dioxide and air.
Calibration 2 is done with a phosphate buffer pH = 6.840 and a gas mixture (high gas) composed of carbon dioxide and nitrogen (tab. 1).
In pur set-up the gas^mixtuies for calibration were delivered by a pair of gas mixing pumps (type A27/2F. Wösthoff. Bochum, Germany).
Before sampling the pH electrode and the gas electrodes are exposed to the conditions of cal 1.
Two push buttons are used for sampling. By pressing the "tip" button the sample path is cleared and the sampling tip presented. By pressing the "sample" button the aspiration of the sample is initiated. This operation can be performed automatically or manually.
Separate "ready" indications light up according to the preset limits (see tab. 1) for each electrode. When all three electrode signals indicate "ready", a "data" indication light appears. The instrument memory stores the values for pH, pC0 2 and pO 2 at time "data" for computation.
The working cycle is finished with a rinsing and a calibration step (cal 1). Rinsing of the sample path is performed in a direction opposite to sampling, to prevent obstruction of the sample path by blood-clots.
ABL-1 Calibration, sampling, reading and rinsing are fully automated and controlled by a computer. Every two hours the three electrodes are calibrated with two gas equilibrated phosphate buffer solutions (tab. 1). Calibration of pO 2 = 0 mm Hg is performed electrically. Values for pH, pCO 2 and pO 2 are printed after a fixed period of 120 s. Subsequently the rinsing cycle is initiated in the opposite direction. When the instrument is in "ready" position the cuvette is filled with humidified calibration gas 1, which is replenished at 10 min intervals.
AVL-937C
The instrument is equipped with a commutator (sliding selector) with six operational positions: Gl, G2, G3, M, W and S. The calibration of the pH electrode and the gas electrodes is performed separately. Gas calibration is done using successively gas 1 (low pCO 2 in air), gas 2 (high pCO 2 in air) and gas 3 (pure carbon dioxide). Only gas 1 is humidified and thcrmostatcd (tab. 1). pH calibration has to be done by filling the capillary measuring chamber in the position M, with the two phosphate buffers successively. The sample is introduced in the same position.
One "ready" indication light is used in succession for the three measuring channels. We decided however to read the p0 2 value after 30 s and the pCO 2 and pH after 2 min because the adjustment of the preset limits was not adequate as shown by the response curves of the electrodes (see results). Calibration adjustments were done at the same points of time.
When the commutator is in the position "wash-dry" the chamber is washed by intermittent suction of distilled water and air and dried by suction of air for twenty seconds.
Gases
Gases of known pCO 2 and pO 2 for tonomctry were obtained by means of gas mixing pumps (type M-200, mixing range 1-99%, type A27/2F, mixing range 1-10% and A 18/2F, m being range of 10-90%; W sthoff, Bochum, Germany). The desired mixtures were made from pure carbon dioxide, nitrogen, oxygen and air, dried before use and mixed at the same pressure. The percentages of carbon dioxide and oxygen in the mixtures were verified by means of gas analysis with the Haldane-Lloyd apparatus (Gallenkamp, London). The relative accuracy of these gas mixtures was better than 1 %.
Samples

Blood
Fresh venous blood, drawn from volunteers or patients into heparinized collecting tubes, was used. To obtain blood samples with extremely low or high pH values isotonic solutions of NaCl with appropriate quantities of NaHCOs or HC1 were added (20) .
Buffer AIll
Solutions were prepared, based on the composition of the NBS equimolal phosphate buffer, and 30 mmol NaHCOa and 30 mmol NaCl per liter were added (18) .
Tonometry
Aliquots of 3 to 4 ml blood or buffer AIII were equilibrated in a Laue tonometer (Eschweiler and Co., Kiel, Germany) with a pre-humidified gas mixture for at least 30 minutes. Both tonometer and humidifier were submerged in a water bath, maintained at 37°C; fifteen different gas mixtures were employed; six containing carbon dioxide (2-15 %) in air and nine containing oxygen (0-90%), carbon dioxide (10%) and nitrogen to 100% by volume.
Procedure Tonometered samples were carefully drawn from the tonometer with a 1 ml disposable polystyrene syringe, flushed previously with tonometer gas. The samples were measured immediately according to the manufacturer's instructions with the exception of the above mentioned modifications of the reading time for AVL. Only one parameter (pH, pCOa or pO 2 ) was evaluated simultaneously on the three instruments.
The procedure for estimation of electrode response curves was as follows: IL-413. After introduction of a tonometered sample in the "automatic" mode this knob was switched to "manual" and a stopwatch was started immediately. During three minutes the electrode signal was read every 15s from the digital screen. ABL-1. During a measuring period of 120 s the first up-dating for each parameter appeared after 30 s and the subsequent updatings at 18 s intervals.
A VL-937C. Immediately after sampling, a stopwatch was started and the electrode signals registered every 15 s for three minutes. The reference pH determinations were performed on the BMS2, calibrated with precision phosphate buffers (type SI500, pH = 6.841 and type S1510, pH = 7.383; Radiometer). Samples were aspirated in the electrode capillary three times without intermittent flushing and drying. For a comparison with the pH value obtained from the other instruments, the mean pH of the second and the third reading was used.
Calculation
The partial gas pressure of carbon dioxide or oxygen in a gas mixture of known composition was expressed in mm Hg, and calculated by multiplying the barometric pressure (B) minus the pressure of water vapor (47 mm Hg at 37 °C), by the volume fraction of the respective gas.
Conversion ofpCO 2 and pO 2 values into values at 760 mm Hg is done by multiplying measured or calculated values by the factor (760-47)/(B-47),
The pH-log pCO 2 relationship of buffer solution AIII was computed according to Veefkind et al (18) . Figure 1 shows the response curves of the pH electrodes for tonometered blood and buffer samples in the pH range 6.9-7.6.
Results
PH
Response curves
The pH values between time "ready" and "data" for IL, arid between the first updating and "print-out" for ABL do not differ by more than 0.005 of pH unit, because drift is less than 0.002 of a pH unit/min within 30 s.
On the AVL we found a drift of Ο.θίθ-0.015 of a pH unit/min during 3 min, although the green light usually indicated pH "ready" within 30 s. Further investigations revealed a large drift at low pH coupled with high pC0 2 , and at high pH coupled with both low and high pCOaThis indicates that drift is caused on the one hand by leakage of carbon dioxide at the electrode edges, and on the other hand by a slow response of the electrode at more alkaline pH. We have chosen a reading time at 120 s for the AVL, because at that time the drift is smaller in the higher pH range, and the calibration buffer has reached a plateau value.
Accuracy
The accuracy of the pH determination was established by comparing pH values from IL, ABL or AVL with those from the BMS2 for blood ( fig. 2 ) and buffer ( fig. 3 ).
The estimated pH differences scattered within 0.015 of a pH unit for blood samples at each pH level for all three instruments, which was probably the result of the diversity of the blood samples. remaining 0.015 pH unit could have beeri caused by the above mentioned leakage of carbon dioxide. The negative deviation obtained with blood samples agrees with Voigf* (16) results for human control sera (Versatol, Acid-Base; General Diagnostics). Generally it is quite possible that systematically lower pH values are a result of filling the electrode system with sample only once (21) . The pH readings from the second and third filling on the BMS2 electrode were in good agreement and were both higher than the pH reading after the first filling especially at higher pH values, as illustrated in figure 4 .
Precision
The standard deviations of the pH values of buffer solution at six pH levels (r*=5) was less than 0.005 of a pH unit. The same result was found for the standard deviation of the pH duplicates of 52 blood samples (tab. 2). pC0 2
Response curves
The response curves of the pCO 2 electrodes for blood and buffer samples are shown in figure 5 . The shape of the curves is similar for both media and characteristic for each instrument: decreasing when the pCO 2 is lower and increasing when pCO 2 is higher than the pCO 2 value of the calibration gas. On the IL the best approximation to the calculated values is achieved at "ready" time. This signal coincides with the "data" signal because the pCO 2 electrode has the slowest response in comparison with the pH and the pO 2 electrodes. 52 duplicate values were used for blood, and mean values at six pH levels for 5 measurements were used for buffer AIII. 2 ) The mean reproducibility (CV) was established by averaging the coefficient of variation (CV) of six pCO 2 levels from 14-106 mm Hg (blood n = 30, buffer AIII n = 5 at each level).
3 ) The me^i reprodueibility (CV) was established by averaging the coefficient of variation (CV) of eight p(>2 levels from 0-642 mm Hg (blood n = 30, buffer ΑΙΠ n = 5 at each level).
values of the ABL are the best approximation to the calculated values. The readings on the AVL over the whole pC0 2 range were performed at 120 s, because for both high and low pCO2 values a plateau value was reached within 120 s, in correspondence with the "ready" indication.
We may generally conclude that the optimum reading time of the pCO 2 values agrees with the specifications of the manufacturers. Table 3 presents the parameters for the linear regression analysis between calculated and measured pC0 2 values for the range up to about 100 mm Hg, which demonstrate a good correlation (r = 0.99) but a positive y^intercept. The accuracy of the pC0 2 measurement on different pCO 2 levels is illustrated in figure 6 . The deviation of the measured pC0 2 from the calculated value is inf luenced by the pC0 2 of the last calibration gas (about 35 mm Hg) before sampling. This "memory effect", caused by mixing of sample with gas still present in the measuring chamber and the electrode, has already been describedi by Berkenbosch (6) and Crampton-Smith (7, 8) . Because this effect is nearly the same for all instruments, a correction can be made for it. Table 2 shows the average precision (C V) of the pC0 2 at different levels. The coefficient of variation (CV) was better than 2 percent for blood and buffer samples.
Accuracy
Precision
P0 2 Response curves
The response curves of the pO 2 electrodes for blood and buffer samples are shown in figure 7 . The curves from samples with pO 2 < 128 mm Hg reach a plateau after about 30 s, and those with pO 2 > 257 mm Hg reach a distinct maximum.
For IL, pO 2 values at time "ready" and "data" are broadly equal at pO 2 levels up to 257 mm Hg. Above this gas tension a better approximation to the calculated pO 2 is obtained if the "ready" value is used.
For ABL, the pO 2 values at print-out time are close to the calculated values. For AVL, the pO 2 value was read at a fixed time of 30 s, because we found that the green light did not indicate adequately. Table 3 presents the parameters for the linear regression analysis between calculated and measured p0 2 values for the range up to 130 mm Hg. In this range for blood and buffer a linear relationship exists with a correlation coefficient better than 0.99; for buffer solution a large positive y-intercept was found. Figure 8 illustrates the accuracy of the p0 2 measurements at nine different levels for blood and buffer samples. Up to 130 mm Hg the behaviour of blood and buffer is completely different: for blood, measured values hardly differ from the calculated p0 2 values, whereas for buffer the difference depends on the p0 2 level. At levels above 130 mm Hg, both blood and buffer showed an increase of negative difference with increasing p0 2 level. This different behaviour can be explained by the presence of the residual calibration gas (about 140 mm Hg) in the measuring chamber. For buffer samples tonometered with lower or higher p0 2 than the p0 2 of the last calibration gas, measurements will be higher or lower, respectively, than the calculated values, due to contamination with the residual gas. For blood this effect is small at low p0 2 values (< 100 mm Hg), as hemoglobin will act as a "buffer" to moderate changes in p0 2 . At p0 2 levels above 100 mm Hg hemoglobin is fully saturated, so p0 2 .changes will primarily affect physically dissolved, rather than chemically bound oxygen; i.e. blood samples behave like buffer samples. Figure 9 shows the marked influence of the calibration gas on the measured p0 2 of buffer and, to a lesser extent of blood samples for the IL blood gas analyser. Gas-fluid differences, not optimal polarizing conditions for the electrode, and residual gas in the measuring chamber can be held reponsible for the discrepancies between the measured and calculated values. It can be seen that blood samples with a p0 2 in the physiological range can be measured more accurately with a calibration gas of a p0 2 of 140 mm Hg instead of the p0 2 of 70 mm Hg recommended by the manufacturer.
Generally speaking, standardization of the calibration with a fixed p0 2 of about 140 mm Hg might be an improvement. Flushing of the measuring chamber (2-3 times) with sample, which is only possible for IL in the manual mode, is a way oa diminishing the residual gas effect. Table 2 shows the average precision (CV) of the p0 2 , which is better than 2% for blood and 3 % for buffer samples.
Precision
Operating notes
During the evaluation period, the instrumentation was well maintained by checking all electrode systems and renewing membranes each two weeks.
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Comments on individual instruments IL-413
We had the opportunity to obtain experience with two IL instruments and a third one in routine use and found that the IL is easy to operate. A good filling of the system with sample can easily be controlled by visual inspection because the sample pathway and electrodes are mounted in a transparant thermostated waterbath. Most parts of the measuring circuit are readily accessible, which is an advantage especially for cleaning the easily clogged valves.
A serious problem might be gas bubbles left in the pC0 2 -pO 2 measuring chamber after sampling proteinfree tonometered buffer solutions, thus causing erroneous results. We solved this problem in one instrument by boring the top of the chamber to a cone shape.
From standby position a complete calibration or a simple calibration (cal 1) with a sample measurement in duplicate can be performed in about 4 min. Although according to the manual, a 100 μΐ sample is sufficient in the "micro" mode, we found that about three capillary samples (total 250 μΐ) are needed to obtain reliable pH and blood gas results. It might be possible to improve operation by calibrating the glass electrode for electrical zero with buffer "7.384" and establishing the slope with buffer "6.840".
ABL-1
This instrument is simple to operate, in consequence of its automation and computerisation, and it has proved trustworthy during one year of observation. The operator can hardly influence the results. The inside of the electrode chamber cannot be inspected visually and is accessible with difficulty, which is inconvenient when changing the membranes of the gas electrodes.
A complete calibration is dorie automatically every two hours. This does not imply that false calibrations are excluded. Dust in the gas mixing apparatus may alter the composition of the calibration gases, which results in different pC0 2 and pH values for the equilibrated buffer solutions. The calculator does not correct for this and apparent values are printed out. Once we-found a difference of 0.06 of a pH unit which could be easily detected using daily tonometered buffer solution for quality control (18, 19) . In this case the gas mixing apparatus had to be replaced. The electrical checking of the electrodes through switching off the main power, which leads to temperature drop, and cleaning the computer memory, might be better performed with a separate switch instead of the main power switch.
AVL-937C
We have had two apparatus at our disposal. As already mentioned the adjustment of indication lights of both instruments was not sufficient Also the instability of the readings on the digital screen caused by static electricity was inconvenient. Simultaneous calibration of pH and gas electrodes is not possible which is a disadvantage in comparison with IL and ABL. With our modifications for calibration and measurement the time needed to perform a complete calibration is about 30 min. Once this calibration had been done, the electrodes were found to be very stable with respect to calibration buffers and gases during the day. So between measurements a single calibration for pH pC0 2 and p0 2 is sufficient and takes about 10 min, when done in duplicate.
In "standby" position gas 1 is flowing through the capillary measuring chamber in which the electrode tips are located. Although this results in a very stable signal for the pCO 2 electrode (7) and p0 2 electrode, it will interfere with pH measurement. The time needed to stabilize the pH electrode after a gas flow during the night is about 15 min. We found the same phenomenon for the gas electrodes if buffer is left in the measuring chamber overnight. The fact that the measuring chamber is rinsed with distilled water between measurements will easily give rise to a contaminating film of protein and might be better performed with saline.
An advantage of the AVL is its suitability for micro samples.
Concluding remarks
The evaluated new generation of pH-blood gas analysers: IL-413, ABL-1 and AVL-937C represent a great advance, in that pH, pCO 2 and pU2 may be measured simultaneously and automatically in one sample of blood. The analytical variables: response time, accuracy and precision of their electrode systems are comparable, with the exception of the pH response and pH difference of AVL. The IL is the fastest apparatus, the ABL is easiest in operation and the AVL most adapted to micro samples. In the (patho)physiological range all instruments may provide suitable results to the clinician.
However, when more accurate values are needed in acid base balance and oxygen transport evaluation, we feel that this instrumentation has to be standardized and improved. To achieve this we suggest the following electrode alterations:
pH The electrode glass should have a standard composition to avoid systematic errors. The importance of using a saturated KC1 bridge, free of contamination should be emphasized, because a lower salt concentration lowers the results (11). pCO 2 To minimize gas exchange with the electrode electrolyte and consequently the "memory" effect, the space between the glass electrode and the holder should be very small (22) . It seems also justified to apply correction factors since the deviations of different electrodes are the same as shown in this study.
pO 2 Unfortunately the response of this electrode is not linear with the oxygen concentration in fluids. It seems that the optimal conditions of polarography, well studied in the beginning of the history of macro electrodes (23), are not generally known for micro electrodes. Recently Hahn et al (24) showed in a careful study, examining the electrode reaction in some detail, that non-linearity of micro pO 2 electrodes is due to the absence of a plateau on the polarogram, when used with conventional electrolytes.
The use of electrolyte of pH 11.2 and a voltage of about -1.0 V results in a long, flat plateau and a marked improvement in both electrode linearity and response time; the use of this procedure is advisable.
Further, calibration of the electrodes should be uniform. Buffer solutions equilibrated with gas mixtures, as used in the ABL, seem most suitable. Last but not least, a good quality control program should be developed to interpret optimally the pH and blood gas values, obtained.
